23
3 Information data; however, these were not included in our analyses because these variables 148
were estimated from and correlated with other environmental variables such as the 149 geographic distance or height of the island. 150
For the regression analyses, the multiple regression on distance matrices (MRM) 151 function implemented in the ecodist R package was used [44] . MRM is an extension of the 152 Mantel test and conducts linear regression analysis using distance matrices as dependent and 153 explanatory variables. We first performed simple regression analyses using each of the seven 154 hypothetical biogeographic boundaries or the five environmental variables as the only 155 explanatory variable. We then performed multiple regression analysis using all five 156 environmental variables as explanatory variables. All statistical analyses in this study were earliest articles using the term we found were Matsumoto et al. [52] and Kimura [53] . 174
Matsumoto et al. [52] gave a definition of the Tokara gap: a gap between oceanic ridges, the 175 Tane/Yaku Spur and Amami Spur (Fig. 2) . Between these spurs, there is a submarine canyon 176 1000 m below sea level that is deep enough to remain under the sea surface throughout the 177 glacial cycle. However, these spurs and the submarine canyon are distant from the Tokara 178
Archipelago. More importantly, the Tokara gap is not a term for the biogeographical 179 boundary but the name of a bathymetric feature. 180 181
Usage of terms Watase line and Tokara gap 182
Through a Google Scholar search, we found 108 journal articles in which the terms 'Watase 183 line' and/or 'Tokara gap' were used. Among them, three contained these terms only in the 184 reference list and were not considered in this study. The number of articles using these terms 185 has increased exponentially ( Fig. 3 ). Among the 105 journal articles, 13 mentioned both the 186 Watase line and the Tokara gap, and 41 and 51 only mentioned the Watase line or the Tokara 187 gap, respectively. All 64 articles that mentioned the Tokara gap were published after the 188 1990s, and today the Tokara gap is a more frequently used term than the Watase line. Among 189 the 105 articles, 24 put the Watase line or the Tokara gap between Akuseki and Kodakara 190 Islands (gap 5 in Fig. 1 ) and nine put it another position within the Tokara Archipelago. 191 Among the 105 articles found by the Google Scholar search using 'Watase line ' 192 and/or 'Tokara gap' as keywords, only a single study of flora expressly demonstrated the 193 existence of a biogeographic boundary between Akuseki and Kodakara Islands, while five 194 studies found little genetic differentiation between Akuseki and Kodakara populations of Spatial pattern of species diversity 200
Number of species 201
The numbers of species in each taxon we collected for analyses were: 125 land snail species 202 from 10 islands (mean species number per island ± sd: 32.3 ± 15.8), 123 ant species from 14 203 islands (35.4 ± 22.7), 70 butterfly species from 13 islands (28.2 ± 13.7), 69 dragonfly species 204 from 13 islands (19.2 ± 15.6), 17 amphibian species from 10 islands (3.1 ± 3.3), 31 reptile 205 species from 14 islands (6.6 ± 4.5), 53 bird species from 11 islands (25.9 ± 6.4), and 1483 206 plant species from 14 islands (429.2 ± 285.2) ( Fig. 4) . 207
Tane, Yaku and Amami Islands tended to harbour the largest numbers of species 208 except for birds, whose species numbers were almost constant across the islands-around 30 209 species ( Fig. 4 ). Smaller islands including the Tokara Archipelago and Kuchinoerabujima 210 and Kikaijima Islands, on the other hand, tended to harbour fewer species. A significant 211 correlation between island size and the number of species was found for all taxa except birds 212 (P < 0.05, R 2 > 0.4: Fig. 5 ). 213 214
Beta diversity 215
The dissimilarities of species assemblages between islands varied greatly among taxa and the 216 three dissimilarity indices (Additional file 1). These results imply that both spatial-turnover 217 and species-loss significantly contributed to the spatial pattern of species diversity. As 218 expected, for instance, the lower numbers of bird species on Gajajima, Kodakarajima and resultant dissimilarity (β nes ) while the Simpson dissimilarity (β sim ) was seemingly less 221 affected by the number of species (Additional file 1). 222
In our regression analyses, all seven hypothetical gaps placed in/around the Tokara 223
Archipelago showed significantly positive effects on the dissimilarity of at least a single 224 taxon as follows: gaps 1, 2, 3, 5 and 6 (7) for snails (gaps 6 and 7 are substantially identical 225 because Yokoatejima Is. was ignored), gaps 4, 5, 6 and 7 for ants, gaps 1, 2 and 3 for 226 butterflies, gaps 1, 2 and 6 (7) for amphibians, gaps 1, 2, 3, 4, 5 and 6 for reptiles, gaps 1 and 227 6 for birds and gaps 4, 5 and 6 for plants (for full information, see Additional file 2). 228
Although many combinations of gaps and beta diversity patterns of taxa showed significant 229 correlations, the determination coefficient (R 2 ) was relatively small in most cases. For 230 example, gap 5, which is referred to as the Watase line or the Tokara gap, showed an R 2 231 range of 0.05-0.2, except for reptiles (Table 2 and supplementary table) . In reptiles, gap 5 232 was significantly correlated to β sør with the largest R 2 , 0.31. Conversely, gap 1 showed larger 233 R 2 values for amphibian and bird beta diversity patterns. Specifically, the correlations of gap 234 1 to β sør and β sim for amphibians were R 2 = 0.59 and 1.00, respectively. 235 236
Environmental factors for the spatial pattern of species diversity 237
All four environmental variables used in this study showed significant effects on the 238 dissimilarity of species assemblies for all taxa and dissimilarity indices (Table 3 and 239
Additional file 2). Here, we mainly mention the results of analyses based on β sør (for full 240 results, see Additional file 2). In land snails, amphibians, birds and plants, the area and 241 geographic distance of the islands showed significant positive correlations; in ants and 242 reptiles, the area, geographic distance and forest cover of the islands showed significant 243 positive correlations; in butterflies and dragonflies, the area of the islands showed a However, the determination coefficients (R 2 ) for each environmental variable varied 247 among taxa. In land snails, the geographic distance of the islands was significantly correlated 248 with β sør with the highest R 2 (0.44). The regression analysis based on β sim and geographic 249 distance showed a larger R 2 (0.71). In ants, all simple regression analyses showed relatively 250 small R 2 values. The multiple regression analysis based on β sør and all four environmental 251 variables showed a larger R 2 of 0.45. Additionally, in butterflies and dragonflies, all 252 regression analyses showed small R 2 values. Even multiple regression analyses based on all 253 four variables showed R 2 values below 0.25. In amphibians, geographic distance showed the 254 highest R 2 (0.36), but this was smaller than the R 2 of hypothetical gap 1 (0.59; Table 2 ). 255
Similarly, in reptiles, geographic distance showed the highest R 2 (0.39). In birds, the area and 256 geographic distance of the islands showed the largest R 2 values (0.44 and 0.42, respectively). 257
In plants, the area of the islands showed the largest R 2 (0.34). 258
The signs (positive/negative) of the correlation coefficients between island area and 259 β sim varied among taxa, even those showing P values lower than 0.05 (Additional file 2). 260
However, these analyses tended to show smaller R 2 values and/or correlation coefficients of 261 almost zero, indicating they had no significant biogeographical implications. (1) In several biogeographic studies, it was noted that the Tokara strait (Tokara 281 tectonic strait) lies between Akuseki and Kodakara Islands, and has acted as a geographical 282 barrier to terrestrial organisms [16,20,56-60]. These studies declared that the barrier, the 283 Tokara strait, has existed since the Pliocene, and referred to it as the Tokara gap (gap 5 in Fig.  284 1). However, as mentioned above, the Tokara gap, the deep submarine canyon (−1000 m in 285 depth), does not lie between Islands of the Tokara Archipelago. Furthermore, the position of 286 the Tokara strait is not strictly defined but varies depending on the context [61]. 287
(2) A land connection between Amami and Kodakara Islands has been depicted in the 288 Akuseki Islands. However, no evidence for the land bridge hypothesis was mentioned in their 293 arguments. To our knowledge, the only geographic factor that implies a land bridge connection between Amami and Kodakara Islands is the distribution of Ryukyu limestone. 295 This is a reef-building limestone deposited during the Pleistocene, reflecting the expanse of 296 shallow sea during the period. According to Kizaki [61] and Kato [63] , this limestone is 297 continuously distributed between Amami and Kodakara Islands, and was possibly deposited 298 along a land bridge once formed between the islands. However, the distribution data for 299
Ryukyu limestone have always been referred to as "unpublished data", and we could not find 300 any published articles that report the details of the data. Therefore, the land bridge hypothesis 301 is unevaluable unless a study on the limestone distribution is published. 302
(3) The most symbolic and frequently referred to taxon that represents the existence 303 of a biogeographic boundary is Protobothrops, a genus of venomous pit vipers in the Ryukyu vipers between Kodakara and Akuseki Islands, the idea cannot be applied to other organisms 311 that have different ecological characters. 312
In addition, despite the growing number of articles that depict the boundary lying 313 between Akuseki and Kodakara Islands (Fig. 3) , few of them have investigated the 314 biogeography using samples or data collected from the Tokara Archipelago. It means that, in 315 most studies, the location of the biogeographic boundary was not important or it was just 316 taken from other articles without verification. This could have enhanced the spread of the 317 idea that the Tokara gap lies between Akuseki and Kodakara Islands. correlation between them in all taxa except for bird ( Fig. 5 ). This finding that larger islands 322 harbour more species fits one of the general laws of island biogeography [2, 3] . 323
In our beta diversity analyses, all seven hypothetical gaps placed in/around the Tokara 324
Archipelago showed significantly positive effects on the dissimilarity of at least a single 325 taxon ( Table 2 and Additional file 2). Although, no gaps showed significant effects across all 326 eight taxa. These results suggest that there is no prominent biogeographic boundary around 327 the Tokara Archipelago, but that the biota changes gradually on a spatial scale. The Watase 328 line or the Tokara gap misplaced between Akuseki and Kodakara Islands does not represent 329 the biogeographic patterns of fauna and flora in this region. 330
The beta diversity pattern of amphibians was largely shaped by the distribution of B. 331 japonica; thus, gap 1, which corresponds to the northern limit of the distribution, should well 332 explain the beta diversity pattern of amphibians. Conversely, except for ants and amphibians, 333 a single environmental variable could explain the beta diversity pattern better than any 334 hypothetical gap considered in this study, showing larger determination coefficients (R 2 ) 335 (Table 3 and Additional file 2). In addition, multiple regression analysis applying all four 336 environmental variables showed an R 2 larger than that of any hypothetical gap in ants. In 337 particular, it is obvious that the areas and geographic distances of the islands are determining 338 factors for the beta diversity patterns of the fauna and flora in this region (Table 3) , 339
suggesting that the spatial pattern of species diversity in this region obeys the principles of 340 island biogeography, distance decay and the species-area relationship, rather than the 341 misplaced historical biogeographic boundary, the Tokara gap. flora of the Ryukyus including the Tokara Archipelago, and demonstrated the presence of a 346 major biogeographic boundary between Akuseki and Kodakara Islands. However, our 347 analyses of beta diversity in the Tokara Archipelago did not support this idea. Here, we 348 compare and discuss the discordance between present and previous studies. corresponds to the distribution boundary of a certain reptile species. As stated above, the pit 364 viper genus Protobothrops, the northern distribution limit of which is Kodakara Island, is a 365 key genus supporting the idea of a biogeographic boundary between Akuseki and Kodakara 366 Islands [64-66]; however, another species shows a different position as the distribution limit. 367 the gap had a significant effect on the flora pattern. They suggested that the large floristic 370 difference between Akuseki and Kodakara Islands implies the existence of a historical barrier, 371 the Tokara gap. However, again, this is not the sole boundary; three hypothetical boundaries 372 analysed in this study showed significant contributions to the floristic differentiation among 373 islands of the Tokara Archipelago. 374
It is noteworthy that all hypothetical boundaries examined in our analyses had a 375 significant effect on the beta diversity pattern, while the abovementioned studies focused on 376 just one of them, between Akuseki and Kodakara Islands. Thus, it is highly possible that their 377 arguments were strongly biased by the preconception that the boundary lay between Akuseki 378 and Kodakara Islands. number is given as 0. Island numbers correspond to those in Table 1 and Fig. 1 . 1 3 5 7 9 11 13 1 3 5 7 9 11 13 1 3 5 7 9 11 13 1 3 5 7 9 11 13 1 3 5 7 9 11 13 1 3 5 7 9 11 13 1 3 5 7 9 11 13 1 3 5 7 9 11 13
Island Number of species Island numbers correspond to those in Fig. 1 . 623 For the results using other dissimilarity indices, see Additional file 2. coef: coefficient. (* P < 626 0.05, ** P < 0.01, *** P < 0.001) 627 
